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Research  described  in  this  report  constitutes  the  ninth  six 
months  effort  under  two  grants  from  the  Defense  Advance  Research 
Projects  Agency,  Department  of  Defense,  under  the  technical  cogni- 
zance of  Dr.  Norman  Tallan,  Aerospace  Research  Laboratories,  U.  S. 

Air  1-orce.  Copies  of  previous  reports  are  available  from  Defense 
Documentation  Center,  Cameron  Station,  Alexandria,  VA. , 22314.  The 
research  was  conducted  in  the  Turner  Laboratory  for  Electroceramics, 
School  of  Electrical  Engineering  and  School  of  Materials  Engineering, 
Purdue  University,  West  Lafayette,  Indiana  47907,  under  the  direction 
°f  Professor  R.  W.  Vest.  Contributing  to  the  project  were  Assistant 
Professor  C.  L.  Fuller,  Messrs.  D.  J.  Deputy,  A.  N.  Prabhu,  and  R.  L. 
Reed.  ihe  level  of  effort  was  drastically  reduced,  beginning  January  1, 
1974,  so  that  sufficient  funds  would  be  available  for  two  graduate 
students  to  complete  their  thesis  research  under  the  one  year,  no  cost, 
time  extension  granted  by  Alli’A. 
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Abst  rac  t 


The  sintering  kinetics  and  the  ripening  kinetics  for  RuO™ 
particles  in  the  presence  of  a glass  phase  were  studied  by  measuring 
surface  area,  X-ray  line  broadening,  shrinkage,  and  electrical 
resistance.  Results  from  these  four  (4)  techniques  are  interpreted 
in  terms  of  competing  processes  which  occur  during  thick  film  resistor 
firing.  The  sheet  resistance  of  thick  film  resistors  as  a function 
of  Ru0o/glass  ratios  is  reported. 


iii 


iv 


fig,  i 

i. 

o 

4.  • 

3. 

A. 

5. 

6. 

7. 

H. 


9. 


10. 


11  . 


LIST  OF  FIGURES 
Tit  I e 

Tarticlo  Size  of  Sample  (800°C)  From  X-Ray  And  Surface  Area. 

Particle  Size  of  Sample  (850°C)  From  X-Ray  And  Surface  Area. 

Particle  Size  of  Sample  f 900°C ) From  X-Ray  And  Surface  Area. 

Patticle  Size  of  Sample  (950°C)  From  X-Ray  And  Surface  Area. 

Pa- tide  Size  of  Sample  (1000°C)  From  X-Ray  And  Surface  Area. 

Resistance  Versus  Time  During  Firing  At  Different  Temperatures. 

Room  Temperature  Resistance  Versus  Time  Of  Firing  At  Different 
Temperatures. 

Room  Temperature  Resistance  Versus  Time  Of  Firing  At  Different 
Temperatures. 

Comparison  Between  Resistance  Change  Dur.ng  Firing  And  Room 
Temperature  Resistance  After  Firing. 

Relative  Shrinkage  Versus  Time  Of  Heating  At  Different  Temperature 
Blending  Curve  For  30.2  V/o  and  3.3  V/o  Ru02  End  Members. 


-1- 


I.  Introduction 

Advances  in  thick  film  technology  have  been  hindered  by  an  in- 
adequate understanding  of  t lie  relationships  between  the  physical  properties 
of  the  ingredient  materials  and  the  electrical  properties  of  the  resulting 
resistors  and  conductors.  The  lack  of  a predictive  model  of  the  conduction 
mechanism  has  hampered  the  development  of  new  materials,  as  well  as  the 
improvement  of  existing  systems.  The  two  primary  concerns  of  the  present 
research  program  in  the  area  of  resistor  technology  are  the  development 
01  adequate  models  to  describe  the  "Blending  Curve  Anomaly"  and  the  "TCR 
Anomaly."  I he  "Blending  Curve  Anomaly"  refers  to  the  often  reported  ob- 
servation that  with  oxidic  conductors  and  glass  the  sheet  resistance 
varies  monotonically  from  very  low  (e.g.,  2 v/o)  to  very  high  conductive 
concentrations;  whereas,  with  noble  metal  conductives  and  glass  electrical 
continuity  is  not  achieved  until  the  amount  of  conductive  approaches  30  v/o 
or  higher . The  primary  scientific  question  is:  what  are  the  driving  forces 

which  are  responsible  for  the  formation  of  continuous  conducting  paths  along 
the  length  of  the  resistor  at  such  low  concentrations  of  the  conductive? 

Ihe  TCR  Anomaly'  refers  to  the  fact  the  temperature  coefficient  of  resis- 
tance of  a resistor  is  much  lower  than  the  TCR  of  any  of  the  individual  in- 
gredients from  which  it  was  made.  The  primary  scientific  question  is:  what 
is  the  mechanism  by  which  electric  charge  is  transported? 

The  primary  thrust  of  the  experimental  program  is  to  relate  electri- 
cal properties  of  t lie  thick  films  to  the  materials  properties  and  processing 
conditions  through  microstructure.  The  materials  properties  to  be  correlated 
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i,re:  rL‘sistlvity,  temperature  coefficient  of  resistivity,  coefficient 
of  thermal  expansion,  interfacial  energy,  particle  shape,  size  and  size 
distribution , and  chemical  reactivity  with  other  constituents.  The 
processing  conditions  to  he  correlated  are  time,  temperature  and 
atmosphere  during  firing.  The  specific  objectives  of  the  program  are: 

1-  Determine  the  dominant  sintering  mechanisms  responsible 
lor  microstruclure  development  and  establish  the  relative 

importance  of  the  various  properties  of  the  ingredient 
materials. 

Dete  ine  tiie  dominant  mechanisms  limiting  electrical 
charge  transport,  and  establish  the  relative  importance 
01  thtJ  various  Properties  of  the  ingredient  materials. 

3.  Develop  phenomer ological  models  to  interrelate  the  various 
materials  properties  with  systems  performance. 


barlier  work  in  these  three  areas  have  be 


en  previously  reported  [1-8], 


II.  Microstructtire  Development 


The  electrical  properties  of  a thick  film  resistor  depend  directly 
on  the  microstruetL re  that  is  formed  during  the  firing  cycle,  normally 
executed  as  a continuous  process  in  a tunnel  kiln.  The  proposed  model 
of  microst  ructural  development  [9]  predicts  a sequence  of  steps  involv- 
ing sintering  ot  the  glass,*  wetting  the  conductive  particles,  attraction 
ol  the  conductive  particles  to  form  a continuous  network,  sintering  of  the 
conductive  particles,  a;  . finally,  destruction  of  the  conductive  network. 
Studies  described  in  this  report  were  directed  toward  elucidating  the 
last  two  steps. 


A . Surface  Area  and  X-Ray  Line  Broa d ening . 

In  the  previous  report  [10],  the  reasons  for  employing  secondary 
1 echniques  rather  than  direct  observation  of  neck  growth  and  density 
measurements  to  obtain  information  on  the  liquid  phase  sintering  and/or 
ripening  of  RuO^  particles  in  the  presence  of  the  molten  glass  were  dis- 
cussed. I he  secondary  techniques  discussed  were  microstructure  evaluation, 
X-ray  diffraction  line  broadening  and  surface  area  measurements.  Further 
experiments  were  carried  out,  utilizing  the  above  techniques  to  obtain 
additional  data. 

Samples  were  prepared  by  heating  a mixture  of  RuO , and  glass 
(b  h PbO-251  B^O^-ll/.  SiO^)  powders  (30  wt.%  RuO^)  for  varying  times  ir  a 
platinum  crucible  after  they  were  thoroughly  dispersed  in  the  agate  mill. 

Ihe  RuO^  powder  used  h;,s  been  previously  characterized  [11].  The  firing 
temperatures  employed  were  800,  850,  900,  °j0  and  1000°C.  After  firing,  ^11 


-4- 


°t  the  glass  was  completely  leached  out  and  only  the  RuO,  remaining  was 
used  tor  the  analysis. 

* he  surt  ace  area  measurements  were  carried  out  using  an  Aininco  Sor 
BI.l  helium  carrier  surface  area  meter.  The  average  _rystallite  sizes  were 
determined  by  X-ray  diffraction  line  broadening  techniques  on  powder 
samples,  using  a Siemens  diffractometer;  3 different  peaks  (110,  loi  and 
dll)  were  scanned,  using  copper  radiation  at  a speed  of  1/100  degree/minute 
to  investigate  the  possibility  of  different  growth  behavior  in  different 
di  ructions . 

lor  analysis  of  the  X-ray  data  integral  line  breadth  was  used  in  the 
be her re r equation  instead  of  the  half  maximum  line  breadth.  Corection  for 
instrumental  and  Ki-doublet  broadening  were  carried  out  according  to  the 
method  outlined  by  Kaeble  [12].  The  pure  diffraction  breadth  wrs  obtained 
by  the  graphical  method  from  the  curve  corresponding  to  skewed  distribution 
of  crystallite  sizes  [13]. 

the  average  crystallite  sizes  obtained  from  X-ray  data  were  also 
taken  as  average  particle  sizes  lor  the  reasons  explained  in  the  previous 
t poi  t [14].  1 he  surface  area  data  were  converted  to  average  particle  size 

assuming  all  the  particles  to  be  uniform  size  spheres.  The  results  obtained 
with  both  techniques  are  plotted  in  Figs.  1-5  for  the  five  temperatures. 

The  minor  d i f 1 e fences  in  the  average  oarticle  sizes  obtained  from 
the  /-ray  data  shown  in  Figs.  1-5  as  compai  1 to  those  presented  in  the 
pri  ions  report  (151  are  due  to  the  differences  in  the  method  of  calculation. 
1 in'  growth  pattern  in  a'l  the  three  diiections  studied  seems  to  be  similar, 
i he  ma  Ln  feature  to  be  noted  is  the  shape  of  t lie  curves  and  differences 
between  the  X-ray  and  surface  area  results,  particularly  with  for  long  Limes 
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at  850,  900,  950  and  1000‘ C.  There  appears  to  be  indications  of  exaggerated 
growth,  as  evidenced  by  the  increased  scopes  of  the  curves  derived  from 
X ray  data,  but  this  may  be  a result  of  the  measuring  technique.  For  a 
powder  sample  composed  of  crystallites  of  a wide  distribution  of  sizes  the 
size  calculated  from  the  line  breadth  is  weighted  towards  larger  sizes 
[16].  lor  cubic  crystals,  if  there  are  n particles  of  size  t, 

y 4 

Observed  mean  size  = • 

Znt3 

whereas,  true  mean  size  = 

> £n 

The  difference  between  the  observed  and  true  mean  sizes  increases  as  the 
distribution  becomes  more  wide,  and  particularly,  if  a few  large  crystall- 
ites and  a large  number  of  small  crystallites  are  present.  From  previous 
electron  microscope  studies  [17]  of  RuO^glass  samples  it  is  knowi.  that 
large  crystallites  of  Ru02  do  grow  under  certain  circumstances  and  this 
fact  has  to  be  taken  int  > consideration  while  analyzing  the  data. 

8 • F le  .t rical  Resistance . 

Results  oi  experiments  monitoring  the  resistance  of  resistors  during 
tiring  have  been  described  in  previous  reports  [18].  Further  experiments 
were  carried  out  on  resistance  changes  under  isothermal  conditions  in  order 
to  obtain  additional  data  that  could  give  quantitative  information  on  the 
different  stages  of  network  development  of  the  thick  film  resistors.  The 
samples  were  prepared  by  screen  printing  40  w/o  RuO,,  paste  on  the  AlsiMag  614 
(96  A1203)  substrates.  The  samples  were  dired  at  250°C  for  half  an  hour 

before  the  final  heat  treatment.  Klectrical  resistance  (DC)  was  measured. 
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using  a four  probe  technique. 

Iwo  different  types  of  measurements  were  carried  out. 

(1)  The  push  rod  furnace  [19]  woo  used  to  record  the  resistance 
chanpes  coder  isothermal  conditions.  Since  the  different  zones  „f  thc 
furnace  are  maintained  at  different  temperatures,  the  maximum  temperature 
the  sample  attains  derends  upon  the  extent  to  which  i,  is  pushed  inside 

the  furnace,  and  5-10  minutes  are  required  for  the  sample  to  reach  thermal 
equi librium. 

The  resistance  changes  as  a function  of  time  at  different  tempera- 
art  shown  m lig.  6.  Ihe  rapid  initial  decrease  in  resistivity  is 
probably  due  to  a rearrangement  of  the  Ruth,  particles  during  the  glass 
sintering,  and  to  a formation  of  the  intinl  part Icle-to-part iclc  contacts. 
Ihe  Initial  decrease  in  resistivity  is  followed  by  a rapid  increase,  Sucl, 
a feature  has  been  observed  in  the  Ag-Pdo  thick  Pirn  resistor  system  |20), 
and  was  attributed  to  the  oxidation  of  Pd  to  PdO.  From  earlier  studies 

1211  ‘ltU1Zl"s  1,01  stT8«  microscope  with  RuO., -glass  resistors  it  is 
known  that  there  are  a considerable  number  of  gas  bubbles  formed  at 
temperatures  above  the  softening  point  of  the  glass,  while  the  source  of 
these  gas  bubbles  has  not  been  identified,  the  phenomenon  has  been  observed 
in  all  cases,  and  a certain  degree  of  disruption  of  the  RuO.,  particles 
results  .torn  the  motion  of  the  gas  bubbles.  This  disruption  of  the  RuO, 
pj’tules  prior  to  the  time  when  a sintered  network  is  formed  would  result 

in  crwBW  in  ««»«<■»«.  The  rapid  increase  in  resistance  is  followed 

by  a slow  decrease  in  resistance,  which  can  be  associated  with  the  sintering 

°r  K,,02  “ tl“  M**r  “■futures.  An  increase  in  resistance  can  be  obsetv- 

C'“  at  tlU  '“""or  « 800-C.  This  increase  can  be  associated  with  the 

ripening  process. 
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(2)  The  second  set  of  measurements  Involved  changes  in  the  room 
temperature  electrical  resistance  of  the  samples  after  they  were  heated 
at  600,  625  , 650,  675,  700,  K00,  9 00  and  1000°d  for  varying  times.  The 
results,  liown  in  Tigs.  7 and  B,  are  similar  to  the  high  temperature 
results.  Figure  (>  gives  a comparison  of  room  temperature  and  high  tempera- 
ture resistance  values  as  a function  of  time  at  three  different  temperatures. 

I lie  initial  peak  is  seen  only  aL  600°  in  the  room  temperature 
data;  at  the  higher  temperatures  the  peak  occurs  over  such  a short  period 
ot  time  that  either  the  resistance  has  increased  and  decreased  before  the 
initial  datum  point  is  obtained,  or  the  first  datum  point  is  before  the 
peak  and  the  second  after  the  peak.  At  the  higher  temperatures  (800,  900, 
and  J000°c.)  the  initial  stages  occur  in  a very  short  time  and  the  resist- 
ance increase  (probably  due  to  the  ripening  process)  can  be  easily 
observed.  At  still  longer  times  at  the  three  highest  temperatures  the 
resistance  is  seen  to  decrease  again.  The  reason  for  this  decrease  is  not 
known,  but  two  possibilities  are:  diffusion  of  the  conductive  (platinum) 

into  the  resistor  region,  or  loss  of  the  glass  due  to  vaporization. 

0.  Shr  1 nkage . 

In  the  previous  report  [22],  it  was  indicated  that  no  appreciable 
dimensional  changes  occurred  in  the  RuO^-glass  compacts,  even  after  long 
hours  ol  heating  at  1000°C.  This  observation  was  attributed  to  closed  pores 
inside  the  compacts.  Since  the  dimensional  measurements  after  cooling  to 
room  temperature  did  not  yield  the  desired  information  about  changes 
occurring  during  firing,  it  was  decided  to  make  shrinkage  measurements 
under  isothermal  conditions,  using  the  horizontal  dilatometer  [23]. 


Fig.  #8.  Room  'lemperature  Resistance1  Versus  Time  of  Firing  At  Different  Temperatures 
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hength  changes  occurring  were  recorded  on  a strip  chart  recorder 
with  a sensitivity  such  that  the  full  scale  deflection  of  10  inches  on 
the  recorder  corresponded  to  0.0003  inches  of  length  change.  With  this 
sensitivity  length  changes  as  small  as  5 x 10  b inches  could  be  asi’y 
detec  ted . 

The  samples  for  shrinkage  measurements  were  prepared  in  the 
following  way:  The  mixture  of  RuO^,  and  glas  . f30  w/o  glass)  was  dispersed 

thoroughly  and  pressed  in  an  uniaxial  press  at  60,000  psi.  The  as  pressed 
samples  were  about  0.2  inches  long  and  0.25  inches  in  diameter.  All  the 
samples  were  preheated  at  450nC  for  1 hour.  The  purpose  of  this  preheat 
treatment  was  to  allow  the  initial  rapid  contraction  due  to  loss  of 
moisture,  rearrangement,  and  glass  sintering. 

i he  shrinkage  data  for  six  different  temperatures  are  shown  as  a 
function  of  time  in  Figure  10.  Four  stages  can  be  identified  in  the  time 
dependence  of  t lie  relative  shrinkage. 

Stage  1 is  an  initial  very  rapid  expansion  shown  at  all  six  tempera- 
tures. Ibis  stage  is  simply  the  result  ol  the  thermal  expansion  of  the 
sample  as  it  approaches  thermal  equilibrium  in  the  furnace. 

Stage  2 is  a contraction  which  occurs:  (1)  over  the  full  time  span 
measured  at  565  and  605°;  (2)  up  to  at  least  6 or  7 hours  at  640°;  (3)  up  to 
20,  ~>  and  2 minutes  at  695  , 722  and  752°C  respectively.  This  contraction  is 
most  probably  due  to  a rearrangement  and  initial  stage  sintering  of  the  RuO^ 
particles  in  the  presence  of  the  glass. 

Stage  3 is  an  expansion  which  can  be  observed:  (1)  as  a slight 
increase  in  relative  length  at  the  longest  times  at  648°C;  (2)  at  695°C 
over  the  time  period  20  minutes  to  2.5  hours;  (3)  at  722°C  over  the  time 
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period  5 to  ’5  minutes;  (4)  at  752°C  over  the  time  period  2 minutes  to 
5 minutes.  Data  at  the  very  short  times  do  not  have  quantitative 
significance  because  approximately  10  minutes  are  required  for  the  sample 
to  reacli  thermal  equilibrium.  It  is  believed  that  stage  3 is  associated 
with  the  formation  and  expension  of  gas  bubbles  in  the  glass.  flic  phenome- 
non is  not  observed  at  the  lower  temperatures  because  the  glass  does  not 
'nave  closed  pores,  and  is  observed  only  at  very  short  times  at  the  higher 
temperatures  because  the  glass  viscosity  has  decreased  to  a sufficiently 
low  value  that  tne  gas  bubbles  are  released  as  rapidly  as  they  ere  formed. 

Stage  4 is  a further  contraction  which  is  observed  after  2.5  hours 
at  695°C,  after  15  minutes  at  722°C,  and  after  5 minutes  at  752°C.  It  is 
believed  that  this  stage  is  a continuation  of  the  sintering  of  the  Ru02  in 
the  presence  of  the  glass.  Weight  change  measurements  have  shown  that  the 
loss  of  Ru02  and/or  glass  by  vaporization  is  insufficient  to  account  for 
the  observed  dimensional  changes  during  stage  4. 

III.  Charge  Transport 

A.  blending  Curve. 

End  member  thick  film  resistor  formulations  were  prepared  by  combin- 
ing 5 wt.%  (3.3  vol.%)  Ru02  to  glass  and  40  wt.%  (30.2  vol.%)  Ru02  to  glass 
powders  witli  a 5%  ethyl  cellulose  in  bu.yl  carbitol  screening  agent.  The 
Ru02  and  glass  (03%  I’bO-25%  B^-m  Si02>  powders  used  were  those  previous- 
ly characterized  [11].  Intermediate  value  resistor  formulations  (10,  20, 

30  wt  .%)  were  prepared  by  combining  suitable  aliquots  of  the  two  end  members. 
Each  formulation  was  blended  on  the  3-roll  laboratory  mill  described  previ- 
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ously  [24];  this  mill  has  recently  been  moditied  by  fitting  fused  silica 
sleeves  to  the  stainless  steel  rolls,  thereby  insuring  that  the  only  con- 
tamination to  the  formulation  during  the  milling  operation  would  be  SiO,. 

The  rheology  of  the  formulations  was  adjusted  to  the  specifications 
previously  developed  [25].  I’latirum  conductives  (Engelhard  No.  6082) 
were  printed  on  AlSiMag  614  (%%  alumina)  substrates  1/2"  x 1/2"  x 0.025", 
ai  tired.  The  resistors  were  then  printed  on  these  electroded  substrates 
in  a one-square  pattern  (0.175"  x 0.175")  using  a modified  Aremco  semi- 
automatic screening  machine  [26]  and  a 165  mesh  stainless  Steel  screen. 

The  settings  tor  snapolf  distance,  squeegee  overtravel,  and  squeegee  speed 
were  those  which  had  been  determined  to  be  optimum  during  the  earlier 
studies  of  repeatability  of  screen  printing  [27].  The  screened  resistors 
were  dried  in  a laboratory  type  oven  for  15  minutes  at  130°C  to  remove 
the  volatile  organics  and  then  fired  in  a Lindberg  tunnel  kiln,  using  the 
time-temperature  profile  previously  shown  [28]  to  give  minimum  scatter  in 
resistance  values.  Resistance  of  each  of  the  resistors  was  determined  by 
a 4-terminal  measurement  technique,  averages  and  standard  deviations  calcu- 
lated, and  the  sheet  resistance  normalized  to  a resistor  thickness  of  0.001". 
lhese  data  aie  given  in  Table  l and  are  plotted  in  Figure  11. 
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Attempts  were  made  to  prepare  higher  value  resistors  by  blend- 
ing the  5 wt . C end  member  with  a glass-screening  agent  combination  to 
obtain  1.5  and  1 wt . / (1  and  2 vol.%)  R i 0 ^ to  glass.  All  resistors  made 

"I  O 

i rom  the  1.5  wt .%  blend  measured  greater  than  10  ohms,  and  the  resist- 
ance oi  resistors  made  from  the  3 wt.%  blend  varied  from  6 x 10^  ohms  to 
13 

greater  than  10  ohms  (the  upper  limit  of  our  measurement  capabilities). 
The  blending  curve  ol  Figure  11  is  not  extended  to  the  2 vol.%;  the 
sheet  resistance  of  that  composition  is  shown  as  extending  from  6 megohms 
per  square  to  10  ohms  per  square,  the  sheet  resistance  of  the  glass. 

It  must  be  realized  that  the  blending  curve  shown  in  Figure  11  is 
not  a unique  curve  for  the  RuO^-glass  system,  rather,  it  applies  only  to 
the  particular  RuO^  and  glass  powders  used  in  this  study.  Powders  with 
different  average  particle  si.es  and  particle  size  distributions  would 
give  a different  blending  curve,  particularly  at  the  low  Ru02  end.  The 
primary  function  of  this  experiment  was  to  obtain  a series  of  resistors 
having  characterized  electrical  properties  to  be  used  in  subsequent 
microstructure  studies. 

B.  Effects  of  Substrate  Expansion. 

Since  the  inception  of  this  program  it  has  been  planned  to  conduct 
a study  to  evaluate  the  effect  of  substrate-glass  expansion  mismatch  on 
'lie  resistance  and  TCR  of  thick  film  resistors  [ ] 9 ] . A series  of  sub- 
strates witli  coefficients  ol  linear  thermal  expansion  in  the  range 
^ to  10  x 10  / C were  cbrained  from  Americar  Lava.  The  substrates  were 

flame  sprayed  witli  a thin  coating  of  96%  alumina  to  assure  that  the 
resistor-substrate  interface  remained  constant  and  lienee,  chemical  effects 


-24- 


would  not  influence  the  results.  The  substrates  shown  in  Table  II  were 
prepared . 

Table  II.  Substrates  for  Thermal  Expansion  Experiment 


ALS1MAG  No. 

lX££ 

Nominal 

Composition 

u (ppm/°C) 

447 

Cordierite 

2MG0.2A120  .5Si02 

1.7 

202 

Cordierite 

2Mg0.2Al203.5Si02 

2.8 

475 

Zircon 

Zr02.Si02 

4.9 

614 

Alumina 

96%  A1203 

7.9 

35 

Steatite 

MgO.Si02 

8.5 

243 

Forsterite 

2MgO. SiO 

11.7 

Platinum  electrodes  (Engelhard  6082)  were  printed  on  6 different  types 
of  substrates  and  the  firing  was  carried  out  at  a peak  temperature  of  850°C. 
After  this  conductive  firing  it  was  discovered  that  the  flame  sprayed 
alumina  coatings  had  broken  away  from  substrates  447,  202  and  243,  making 
further  experiments  with  these  three  substrates  impossible.  Resistors 
were  printed  on  substrates  475,  614,  and  35;  after  firing  it  was  discovered 
that  all  of  the  resistors  on  substrates  475  and  35  were  cracked  and  the 
majority  of  the  substrates  of  these  two  types  showed  marginal  coating 
adherence.  This  left  only  the  614  substrate  with  measureable  resistors. 


but  this  was  the  control.  Hence,  the  experiment,  as  originally  conceived, 
was  a total  failure.  The  thermal  stresses  developed  at  the  interface 
between  the  flame  sprayed  coatings  and  the  substrates  were  obviously  too 
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large;  it  is  still  hoped  that  this  experiment  can  be  performed  success- 
iully,  but  the  range  of  expansion  coefficients  must  be  narrowed  so  as  to 
more  closely  match  that  of  the  614  coating.  In  addition,  the  coating 
will  he  applied  by  the  detonation  gun  process  instead  of  flame  spraying 
in  order  to  obtain  improved  coating  adhesion. 

IV.  Summary  and  Future  Plans 
A • Microstructure  Deve.1  ojpmtnL  . 

Ihe  sintering  and  ripening  experiments  described  in  this  report 
uiil  be  continued  until  the  various  competing  mechanisms  are  sorted  out. 
Ihe  rate-limiting  steps  in  the  sintering  and  ripening  processes  will  be 
established  and  the  kinetic  equations  developed  as  a function  of  material 
properties.  These  are  the  remaining  parameters  needed  to  complete  develop 
menL  of  the  phenomonologi cal  model  for  microstructure  development. 

B . £h arge  Tr a i .sport . 

Previously  reported  studies  have  shown  that  at  least  two  types  of 
charge  transport  processes  are  important  in  thick  film  resistors.  Work 
will  be  completed  on  a statistical  model  of  a thick  film  resistor  which 
involves  combinations  of  these  mechanisms. 

C . Final  Repor t . 

A linn!  report  will  be  prepared  which  will  include  a description 
oi  all  experiments,  a summary  of  experimental  results,  a description  of 
the  theoretical  models,  aid  a correlation  of  the  models  with  the  results. 
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